The selection of genotypes under high soil fertility may have altered the effectiveness of mycorrhizal 16 symbioses naturally forming between crop plants and the mycorrhizal fungi residing in cultivated fields. 17
We tested the hypothesis that the mycorrhizal symbiosis of five landraces function better than the 18 mycorrhizal symbiosis of 27 cultivars of durum wheat bred after the development of the fertilizer 19 industry. We examined the development of mycorrhiza and the response of these genotypes to mycorrhiza 20 formation after four weeks of growth under high and low soil fertility levels in the greenhouse. The 21 durum wheat genotypes were seeded in an established extraradical hyphal network of Rhizophagus 22 irregularis and in a control soil free of mycorrhizal fungi. The percentage of root length colonized by 23 mycorrhizal fungi was lower in landraces (21%) than in cultivars (27%; P = 0.04) and in the most recent 24 releases (29%; P = 0.02), which were selected under high soil fertility levels. Plant growth response to 25 mycorrhiza varied from -36% to +19%. Overall, durum wheat plant breeding in Canada has increased the 26 mycorrhizal development in wheat grown at low soil fertility level. However, breeding had inconsistent 27 effects on mycorrhizal development and has led to the production of cultivars with patterns of regulation 28 ranging from unimproved to inefficient. level of soil fertility for a dryland cropping system. These cultivars were selected under conditions of soil 82 nutrient targets at planting of 100-120 kg ha -1 nitrogen, 60 kg ha -1 phosphorous and 20 kg ha -1 sulphur 83 (DePauw et al. 2011); potassium was not added as the soil test levels were higher than required for wheat 84 production. The recommended level of fertilization was raised in the 1990's when the average protein 85 content of the Canadian durum wheat crop had dropped and was affecting commercial acceptance. In the 86 mid-1990's, the fertility levels used in the breeding nurseries increased from 60 kg N ha -1 to 100 to 120 87 kg ha -1 N (DePauw personal communication), and therefore, the cultivars released after 2003 would have 88 been selected under much higher soil N status. 89
Six surface sterilized seeds of each durum wheat genotype were sown in 1-L pots. One week after 90 emergence, plants were thinned to one per pot. A mycelial network is the functional element of AM fungi 91 (Kabir 2005). In a western Canadian field situation, because no-till is practiced, wheat seeds grow within 92 an AM mycelial network. Thus in this experiment, wheat was sown in a pre-established extraradical AM 93 fungal mycelial network achieved by using lentil (Lens culinaris) as the mother plant to support the 94 development of the extraradical AM fungal mycelial network in experimental pots. Lentil was chosen 95 because it is the most common crop preceding durum wheat in Canadian. Lentil and durum wheat seeds 96 were surface sterilized by soaking for five minutes in 10% bleach solution (final concentration 0.53% 97 NaOCl) containing 0.1% Tween 20, and were rinsed with distilled water three times. Eleven weeks prior 98 to seeding durum wheat, six surface sterilized seeds of lentil cultivar 'CDC Glamis' were sown in the 1-L 99 pots filled with 0.95-L of pasteurized soil mix (90 °C for 3 h). The mixture of field soil and sand (1:1) 100 contained 16.18 mg kg -1 NO 3 -N and 7.63 mg kg -1 PO 4 -P after pasteurization, as per the sodium 101 bicarbonate extraction method (Olsen et al. 1954 (Varley 1966 ). Digests to 125 determine N and P concentrations were measured on a segmented flow auto-analyzer (Technicon, AAII 126 System, Tarrytown, New York), and K concentrations were determined on an atomic absorption 127 spectrophotometer (Z-8200 Polarized Zeeman, Hitachi, Japan). 128 D r a f t Roots were washed thoroughly, cut into 1-cm fragments, and dispersed and mixed in water. One root 129 sample was taken from each root system and placed in labeled plastic cassettes. Root samples were 130 cleared in 10% KOH and stained using an ink and vinegar solution (Vierheilig et al. 1998 ). The 131 percentage of root colonization by AM fungi was determined using the gridline-intersect method 132 (Giovannetti and Mosse 1980) under a dissecting microscope. Essentially, zones of the root cortex 133 defined by the intersection of 100 randomly distributed roots and the grid-lines of a gridded Petri dish 134
were observed, and the number of zones where AM fungal structures were present was recorded. 135
136

Statistical analysis 137
The significance of treatment effects on shoot dry mass, nitrogen, phosphorus and potassium was 138 assessed by analysis of variance using JMP v.6 (SAS Institute, Cary, NC, USA). The block effect was set 139 as random, and durum wheat genotype, AM symbiotic status, and soil fertility treatments were set as 140 fixed effects. The significance of the differences between treatment means was assessed using the The significance of the genotype effect on AM root colonization was analyzed using the data from the 149 mycorrhizal treatment only, because as expected all non-mycorrhizal plants were examined and exhibited 150 zero percent mycorrhizal colonization. 151
The nutritional response of durum wheat to mycorrhiza was calculated as: 152
where "response M" is the nutritional response of a durum wheat genotype for the major nutrient M, 154 
Results and discussion 169
AM root colonization was significantly affected by fertility but not by genotype (Table 1 ). There were 170 significant differences among genotypes for dry mass, phosphorous and potassium concentrations in the 171 plant tissue. AM status resulted in significant differences for dry mass and concentration of N, P, and K. 172
There was only one significant interaction detected. An AM status × fertility interaction (Table 1, Soil fertility levels influenced plants' AM root colonization (P = 0.002) from 12% to 43% of the root 177 length across genotypes, under low fertility conditions, and from 11% to 30%, under high fertility 178 conditions ( Fig. 1 and Table 1 ). Under high soil fertility conditions, the level of AM root colonization of 179 the landraces (mean across landraces = 17%), cultivars (22%), and most recent releases (21%) was similar 180 (P = 0.22). However, under low soil fertility the landraces developed lower level of AM root colonization 181 (21%) than the modern (27%, P = 0.04) and most recent cultivars (29%, P = 0.02), which were 182 developed under conditions of high soil fertility. Overall, modern breeding methods influenced the 183 regulation of the AM symbiosis of wheat, but this influence was inconsistent, leading to the release of 184 cultivars with good, but unimproved regulation and those with impaired AM symbiotic regulation. Under 185 low soil fertility conditions, the cultivars, Commander and Pathfinder, had the highest levels of 186 colonization, while under high fertility conditions, their levels of colonization were reduced (Fig. 1) . 187
Reducing investment in AM fungal growth is an appropriate response in eutrophic conditions where the 188 AM symbiosis provides no nutritional benefits. Hercules was the only cultivar to express significantly 189 higher root colonization at high fertility compared to low fertility (Fig 1) , which is an inappropriate 190 response to the AM fungi (Johnson and Graham 2013) and is considered an impaired AM symbiotic 191
regulation. 192
Overall, mycorrhizal durum wheat had reduced (P = 0.002) shoot dry mass, as compared to the non-193 inoculated controls (Table 2) , and this reduction was significant for cultivars Hercules, Wascana and 194
Eurostar under low soil fertility conditions (Fig. 2) . However, the level of AM root colonization and plant 195 growth response to mycorrhiza were unrelated (Fig. 3) The poor response to mycorrhizal symbiosis measured by dry mass in durum wheat genotypes coincided 210 with significantly elevated concentrations of N, P, and K in the aboveground tissue of the AM colonized 211 plants compared to non-mycorrhizal controls (Table 2) indicating mycorrhiza function was repressed. 212
High soil fertility conditions resulted in higher concentrations of N and K in plant tissues, but in contrast 213 decreased plant P concentration ( Table 2 ). The AM symbiosis improves plant P uptake most particularly 214 in rich soils where the AM symbiosis brings no additional benefit to plant nutrition. 220
The growth response and the N and K response of durum wheat genotypes to mycorrhiza were inversely 221 related (Fig. 3) . When a mycorrhizal treatment genotype grew larger, tissue N and P concentrations were 222 diluted. Similar amounts of N, P, and higher amount of K were extracted by mycorrhizal and non-223 mycorrhizal plants, but mycorrhizal plants produced less biomass ( Table 2 
Conclusion 246
We found little evidence that landraces, which were selected in low soil fertility, respond and regulate 247 their AM symbiosis better than modern wheat cultivars selected under high inorganic soil fertility 248 conditions. Plant breeding had inconsistent effects on AM symbiosis and cultivars with a range of AM 249 symbiosis efficiencies from unimproved to inefficient have been developed. Mäder, P., Kaiser, F., Adholeya, A., Singh, R., Uppal, H.S., Sharma, A.K., Srivastava, R., Sahai, V., 
